Abstract-The early postoperative phase after transtibial amputation is characterized by rapid residual limb volume reduction. Accurate measurement of residual limb volume is important for the timing of fitting a prosthesis. The aim of this study was to analyze the reduction of residual limb volume in people with transtibial amputation and to correlate residual limb volume with residual limb circumference. In a longitudinal cohort study of 21 people who had a transtibial amputation, residual limb volume was measured using a laser scanner and circumference was measured using a tape measure 1 wk postamputation and every 3 wk thereafter until 24 wk postamputation. A linear mixed model analysis was performed with weeks postamputation transformed according to the natural logarithm as predictor. Residual limb volume decreased significantly over time, with a large variation between patients. Residual limb volume did not correlate well with circumference. On average, residual limb volume decreased 200.5 mL (9.7% of the initial volume) per natural logarithm of the weeks postamputation. The decrease in residual limb volume following a transtibial amputation was substantial in the early postamputation phase, followed by a leveling off. It was not possible to determine the specific moment at which the residual limb volume stabilized.
INTRODUCTION
To fit a prosthesis after a transtibial amputation (TTA) is of utmost importance in the rehabilitation process. People with TTA with an adequately fit prosthesis are more likely to rehabilitate quicker and function better in all aspects of daily life than those with fitting problems [1] . There are also psychological advantages of a goodfitting prosthesis, such as acceptance of the amputation and restoration of body image [2] .
The characteristics of the residual limb are important for the success of prosthetic fitting. Before fitting of a definitive prosthesis, edema must have resolved, the wound should have healed, the residual limb shape should be conical, and the residual limb volume should be stable as the residual limb reaches maturation [1, [3] [4] [5] .
Edema, supported by a shrinking program, will largely subside during the first two postoperative months, while muscle atrophy may continue for many months [6] [7] .
Accurate measurement of the residual limb volume is important to determine the right moment for definitive prosthetic fitting [8] [9] . Several methods for the measurement of residual limb volume exist: circumferential residual limb measurement [7] , water immersion measurement [10] , cast filling, contact scanning methods [11] , laser scanning methods [8, [12] [13] , ultrasound measurement [14] , bioimpedence [15] , (spiral) computed tomography scans [16] [17] , and magnetic resonance imaging scans [18] .
Ideally, a reliable, cheap, and easy to use method for measuring residual limb volume should be available for clinical practice. In everyday practice, residual limb circumference measured with a tape is often used to assess volume stabilization. The CAPOD (Biomechanics Laboratory; Jönköping, Sweden), a computer-aided design (CAD)/computer-aided manufacturing (CAM) system, was claimed to be accurate and reliable [11, 13] . Established residual limb volume stabilization 120 d postamputation with the CAPOD system in one study [19] has not been verified yet. Unfortunately, this system is not available anymore.
Recently, four different clinical methods to measure residual limb volume have been analyzed [8, 12] . The Omega Tracer system (Ohio Willow Wood; Mt. Sterling, Ohio) appeared most accurate and reliable in people with TTA.
The aim of this study was to analyze the reduction of residual limb volume in people with TTA using the Omega Tracer system and to correlate residual limb volume with residual limb circumference.
METHODS

Subjects
From October 2010 until November 2012, patients who recently had a TTA were asked to participate in this study.
The indications for a TTA were peripheral vascular disease, with or without diabetes mellitus, trauma, malignancy, or other reasons. Patients were admitted to the general, vascular, or the orthopedic surgery ward of the University Medical Center Groningen or the Martini Hospital in Groningen, the Netherlands. Within 1 wk after TTA, participants were included when they were motivated and physically fit enough to rehabilitate with a prosthesis. Written informed consent was obtained after an explanation of the procedure. Participants were excluded when their physical condition did not allow them to undergo the measurements, when they were mentally incapacitated, or when they had no intention of using a prosthesis.
This study was approved by the Medical Ethical Board of the University Medical Hospital Groningen (NL30086.042.10) and by the Medical Ethical Board of the Martini Hospital Groningen.
Materials and Methods
Before measurements, participants removed their liner or wound dressing. On every occasion, a new thin, nylon stocking was placed over the residual limb. Elevated markers were placed medially and laterally of the knee joint and at the distal part of the tibia. Reflective dots were placed at random distally to the knee joint. With the Omega Scanner, a handheld CAD scanner originally designed to create orthoses and prostheses for the human body, multiple digital photographs were made. With the participant sitting with the residual limb horizontally, the residual limb was scanned from all sides in random order from knee joint to the distal end of the limb. With the Omega Tracer system software program, scanning data were used to create a three-dimensional model of the residual limb. The elevated markers were used to recognize the knee joint and the distal part of the tibia on the three-dimensional view. The volume of the residual limb from the distal end of the residual limb to the knee joint was then calculated [8, 12] .
At the same time, residual limb circumference was measured with a standard tape measure at the most distal part of the tibia because clinically this method is often used to evaluate the residual limb. The repeatability coefficient of the Omega Tracer for determining residual limb volume in people with TTA was found to be 129 mL [12] . For a spring tape measurement of calf circumference in nondisabled people, this value was 5.1 mm [20] . For tape measurement for the assessment of leg edema, the reproducibility index was 3.3 percent [21] .
The first measurements were done on the surgical ward in the first postoperative week. Volume measurements were performed twice per session and recorded for further analysis. Subsequently, measurements were done every 3 wk (i.e., week 3, 6, 9, 12, 15, 18, 21, 24 postamputation), either in the rehabilitation center, at the patient's home, or at the skilled nursing facility where the patient was staying.
The measurements were done by two researchers who were trained in conducting the measurements.
Study Variables
Patient characteristics, including sex, age, reason for amputation, and presence of comorbidities were documented.
Statistical Analysis
A linear mixed model analysis was performed. The influence of time (weeks postamputation), reason for amputation, use of prosthesis, and sex were explored in the analysis (2 log-likelihood criterion). Two models were analyzed, one using the actual residual limb volume and one using percentage of the residual limb volume of the first measurement as outcome variable. In the first model, intercept was modeled as fixed and as random. In the second model, the intercept was modeled as fixed. The level of statistical significance for all tests was set to p < 0.05. Random effects were explored in both models. Time was transformed to a natural logarithm (ln weeks postamputation). Residuals were explored for a normal distribution.
The correlation between residual limb volume and residual limb circumference was calculated with Spearman rho. SPSS Statistics 20 statistical software (IBM Corporation; Armonk, New York) was used for all analyses.
RESULTS
Between October 1, 2010, and November 1, 2012, 22 people with amputation were included in the study.
The measurements of one participant showed an increase in residual limb volume, caused by inaccurate measurement while the wound bandage was left in place. Data of this participant were excluded from analysis. Patient characteristics have been summarized in the Table. Three participants died during the research period, but available measurements of these participants were included in the analysis. Immediate postoperative wound dressing varied between participants from plaster cast to a semirigid dressing or wound or elastic bandage (Table) . Thereafter, different residual limb treatments were provided, including compression liner and silicon liner. The timing of the different dressings depended on the clinical situation of the (14) 1 (5) 1 (5) participant and preferences within the hospital or departments within the hospital. The median interval (interquartile range) between amputation and a definitive prosthesis was 63.5 d (50.5-101.3 d).
Substantial differences in residual limb volume between participants were found. Residual limb volume reduced over time in a nonlinear way (Figure 1(a) ). After transforming time to ln time, the decrease of residual limb volume approximated linearity.
In the linear mixed model (first order autoregressive covariance structure), the mean residual limb volume at On average, the residual limb volume decreased 9.7 percent of the initial residual limb volume per ln weeks.
No significant effect was found for reason for amputation (p = 0.38), use of prosthesis (p = 0.09), sex (p = 0.46), or age (p = 0.46). Figure 1(b) illustrates the change in residual limb volume when normalizing the initial residual limb volume at 100 percent.
Two participants showed an increase in residual limb volume in the early postamputation phase. In one participant, volume increased because of a fast overall weight gain as a result of cardiac fluid retention. For the other, no reason could be identified. This participant was lost to follow-up because of noncompliance to appointments.
Over a period of 24 wk, residual limb volume did not stabilize, but seemed to level off. In the last 3 wk, the average decrease was 28.1 mL.
In a mixed model, the average residual limb circumference in the first postoperative week was 38.2 cm (SE = 0.9 cm) and reduced with 2.6 cm per ln weeks. Correlation calculated with Spearman rho between residual limb volume and circumference differed per measurement, ranging from 0.35 to 0.95 (Figure 2) . The explained variance (Spearman rho 2 ) ranged from 12 to 90 percent.
DISCUSSION
In 24 wk, the residual limb volume in people with TTA decreased with a great variability between participants. The decrease was substantial in the early postamputation phase but appeared to level off afterward. Apart from time, there were no other significant relationships between the variables and residual limb volume. This lack of significant findings could be due to the relatively small group of participants. In the immediate postoperative phase, wound dressing varied between participants from plaster cast to a semirigid dressing and wound or elastic bandages; thereafter, liners were provided. However, the moment these liners were applied differed per participant and was based on the clinical situation. The residual limb circumference also decreased significantly over time. But there was no consistent correlation with residual limb volume over time. The residual limb appears to fluctuate with regard to composition and changes its shape continuously because of redistribution of soft tissue [22] as a result of activities, edema, venous pooling, muscle contraction, and atrophy. This fluctuation may not be reflected similarly in volume and circumference measurements. Additionally, difference in measurement errors may have reduced the consistency of the correlation between residual limb volume and circumference over time.
The changes in shape and volume of the residual limb affect the quality of socket fit. The results of the current study underline the importance of close observation of every individual with TTA since residual limb change differs between people with TTA and may change over the long-term. In general, it is not possible to define the best moment for prosthetic fitting. Since early rehabilitation is important, stabilization of volume changes should not be awaited. Therefore, it is important to identify the moment when volume changes have leveled off sufficiently in each individual, permitting prosthetic fitting.
This study shows that the point of maturation (stable residual limb volume) cannot be defined as a specific point in time. Maturation not only differs per individual, but also appears to stretch over time. In a recent review, a residual limb was regarded as mature 18 mo after amputation, although the residual limb volume continued to fluctuate [23] . The trend in decrease of change in residual limb volume can perhaps be helpful in determining the best moment for fitting a definitive prosthesis.
In everyday practice, a rehabilitation team, including physiatrist, physiotherapist, and certified prosthetist, decide, based on experience, wound healing, residual limb shape, and circumference, when a residual limb is mature enough to fit a prosthesis.
This study shows a decrease in residual limb volume, which on average is consistent with the negative power function that characterized volume changes in earlier research by Lilja and Oberg [19] . In 11 people with amputation, a residual limb volume decrease of 17 to 35 percent was found after 160 d, and stabilization was found after 120 d. However, in our study fluctuation in residual limb volume was still apparent after 160 d and varied considerably between participants. Possible explanations for this difference may be that in the Lilja and Oberg study only people with amputation with peripheral vascular disease were included [19] . Moreover, measurements were done with the CAPOD system, a CAD/CAM system that may have conferred other results than the Omega Tracer system.
In an earlier study in which water displacement measurement was used to measure residual limb volume in 49 people with amputation, a vast variation in residual limb volume was found between individuals, as observed in our study [24] . It was concluded that periods of static volume or even small increases may be an indication that residual limb volume fluctuates around a decreasing average volume, possibly with periods of gross volume loss interspersed with plateaus in volume change. These findings seem in agreement with the results of our study.
In another study, the maturation rates of 36 healed TTA residual limbs were analyzed by measurement of the residual limb volumes by water displacement and measurement of circumference using a tape measure [7] . Consistent with our results, the limb circumference did not correlate well with volume. However, in 23 people with amputation, circumference changed in the same direction over time, demonstrating statistically significant relations (p < 0.05) dependent on the shrinking method used. In more than half of the people, it was impossible to determine volume stabilization.
In a recent study analyzing four different clinical methods of measuring residual limb volume in people with TTA, the repeatability coefficient of the water displacement method (143 mL) was higher than that of the Omega Tracer system (129 mL), indicating that the Omega Tracer system is more reliable in measuring residual limb volume [12] . Because the water displacement method was used in the aforementioned studies, it is therefore questionable whether the results are really in agreement with ours or not.
In contrast with earlier studies, our study did not include only people with peripheral vascular disease, but also people with other indications for amputation and with other comorbidities. Nevertheless, the sample size was relatively small and it was not possible to distinguish differences in postoperative volume reduction method or among subgroups of people with amputation. Additionally, effects of prosthesis use could not be established, although the p-value was 0.09, suggesting that in a larger sample size effects of prosthesis use might be established.
Another flaw is that, because of logistical and practical reasons, it was not always possible to do measurements at specific moments of the day or before or after a certain activity (for example, physiotherapy). This lack of consistency may have influenced volume measurements because short-term fluctuations in residual limb volume depend on the moment of measurement after doffing the prosthesis [6] . In a recent study (n = 30), activity before doffing intensified the postdoffing limb fluid volume increase from 1.1 to 8.3 percent [25] . This was, among other things, dependent on the activity before doffing the prosthesis (sit, walk) or whether the participant had also doffed the liner shortly before or not. Limb fluid volume increased quickly during the first minute after doffing and then less quickly afterward. Sanders et al. also recommended taking into account the activity of the person with amputation before measurement [25] . A stable limb shape may be important when using imaging systems that take more than a few seconds to image the limb, like for example laser scanners.
During the collection of data, several technical, hardware, and software problems were encountered. For example, during scanning in a sunny environment, ultravioletradiation interfered with the camera detecting the reflected laser beams. Scanning was also in some measurements hindered because of a roll of nonreflective dots. These problems sometimes resulted in stopping or postponing the measurements (in 12/192 measurements, 6.3%). It was therefore not always possible to measure at the same time after doffing the prosthesis. In addition, scanning in the presence of wounds or sutures was difficult because they interfered with applying the nylon stocking.
Three participants (14%) died during the research period, which is remarkably less than was found recently. The mortality rate of people with TTA with vascular disease, with or without diabetes or with infection, in the northern Netherlands was 44 percent in 2003 to 2004 [26] . In accordance with an earlier study, fewer people with amputation who went to a rehabilitation center died in the first year after amputation than people with amputation who went to a skilled nursing facility after their initial hospital stay [1] . It is likely that people with amputation who participated in this study were in better physical condition.
CONCLUSIONS
Residual limb volume in people with TTA decreases in the postoperative phase. However, there is a large inter-and intraindividual variability.
Future research in a larger group of people with amputation is necessary to determine the time frame of residual limb volume stabilization and the influence of factors like residual limb treatment or comorbidity on residual limb volume.
